Characteristics of summer (June-August) precipitation over two coastal mountain regions in South Asia (Western Ghats: WG and Myanmar West Coast: MWC) with a focus on topographic impact are analyzed using the 13-year (1998-2010) high spatial resolution (0.05 ∘ × 0.05 ∘ ) version 6 data obtained from the Tropical Rainfall Measuring Mission (TRMM) Precipitation Radar (PR). A relationship between precipitation patterns and topography was observed in the coastal mountains. In both the WG and MWC, maximum rainfall along a tight line on the upwind side of the coastal mountains is primarily attributed to rain frequency. However, intense precipitation was observed over the offshore regions. Compared with the WG, deeper and large-scale precipitation systems develop over the MWC, producing more intense rainfall. It is suggested that insufficient humidity deters large-scale convection over the WG, and the atmosphere is sufficiently moist over the MWC.
Introduction
The atmospheric response to orography is one of the most influential factors affecting the spatial and temporal distribution of precipitation around mountainous areas, because mountains alter the flow of air and respond to solar radiation differently than the surrounding atmosphere [1] . As a consequence, precipitation in mountainous environments is higher in some regions and lower in others. An important characteristic of precipitation in mountainous areas is its relation to the elevation. Total precipitation generally increases with elevation up to a certain height and then begins to decrease on a mountain's upwind sides [2] . The study of spatial patterns of precipitation over mountains is critically important for a range of applications. For instance, landslides are triggered by intense and/or persistent precipitation at particular locations within mountainous terrain [3, 4] . In addition, such studies are important for water-resource and flood-control management, design and planning of various engineering projects [5] , and better understanding of land surface-atmosphere interactions [6] [7] [8] .
In general, rainfall over the mountainous areas is associated with orographic lifting as the low-level flow passes or the terrain. One mechanism consists of rising air that cools adiabatically, releasing moisture as precipitation on the windward side of the mountain. On the other side of the mountain, the air descends and warms, drying as precipitation dissipates. This implies that underlying mechanisms play an important role in organizing precipitation systems in mountainous regions. However, measurements utilizing existing gauge networks and ground based remote-sensing techniques are not adequate to fully understand these mechanisms [9, 10] .
The Precipitation Radar (PR) onboard the Tropical Rainfall Measuring Mission (TRMM) satellite revolutionized the global view of the distribution and mechanisms of precipitation by providing high spatial resolution precipitation measurements as well as profiles of the vertical structure. Despite a lack of high temporal resolution, this instrument revealedfor the first time-spatially robust patterns of precipitation distributions in mountainous areas [7, [11] [12] [13] [14] .
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Striking spatial gradients in the climatology of precipitation, on the scales of tens of kilometers, were reported for the Himalayas [6, 7, [15] [16] [17] [18] , Andes [10, 11, 19] , Olympic Mountains [1] , Alps [20] , and South Asian coastal mountains [12, [21] [22] [23] . Although several studies have shown that the volume of rainfall generally increases with altitude up to a certain height on windward sides, there is still a lack of clarity about a responsible factor (rain frequency or intensity) that determines the rainfall maxima over higher-elevation areas. Some studies [5, [24] [25] [26] , utilizing observational data and numerical simulation, found that greater quantities of rainfall recorded at higher altitudes could be attributed to greater duration and higher frequency of precipitation.
This investigation is related to a previous TRMM-based study by Shrestha et al. [17] . On the basis of 11-year (1998-2008 ) TRMM PR 2A25 near-surface rainfall data, Shrestha et al. [17] studied precipitation characteristics in the central Himalaya for the premonsoon and monsoon seasons, focusing on the rainfall-elevation relationship. Shrestha et al. noticed that topography had a strong bimodal impact on the characteristics of the precipitation distribution during the summer monsoon: a large amount of rainfall in the higher Himalayas occurs as a result of frequent rainfall while rainfall maxima upstream of the mountain terrain is primarily associated with intense precipitation. The study further suggested that rainfall maxima over low-altitude areas are caused by convection that occurs when low-level, warm, moist airflow encounters the mountain foothills, and the precipitation occurs over the higher terrain because of forced lifting. This phenomenon was observed in the most-rugged portion of the Himalayas where three nearly parallel mountains stretch from east to west. The question arises as to whether this mechanism would hold over other major mountain ranges around the world.
The mountainous western coasts of India and Myanmar are the heaviest precipitation areas in south Asia during the monsoon period. In these areas, narrow mountain ranges are an important organizing agent anchoring intense monsoon precipitation on their windward sides. The location and intensity of these two precipitation maxima are a result of the interaction between the northward propagating monsoon intraseasonal oscillation and the shallow orography in both the Myanmar West Coast (MWC) and Western Ghats (WG). Though both regions receive heavy rainfall during the monsoon, there is a significant difference in their rainfall characteristics. In the MWC, low to moderate rain dominates to the total rain whereas heavy rain dominates more in the WG [21] . Kumar et al. [21] suggested that the differences are due to moisture availability, updraft, amount, and characteristics of cloud condensate in the two regions.
This study examines the precipitation characteristics over the coastal mountains of south Asia (Figure 1 ). The coastal mountainous regions include the WG and MWC. The main objective of this study is to understand the impact of coastal mountains on the rainfall distributions and the differences in their rainfall mechanisms in these two regions. For this purpose, near-surface rain rate, rain frequency, conditional rain rate, rain type, and vertical rain structure are investigated. ∘ N). TRMM includes the first space-born PR, a passive microwave imager (TMI), visible infrared scanner (VIRS), lightning imaging sensor (LIS), and clouds and earth's radiant energy system (CERES). The first three instruments are designed to obtain rainfall and other relevant information (e.g., rain type, echo-top height, and cloud type), individually.
Data and Methodology
The PR is a core sensor onboard the TRMM satellite, designed to provide a three-dimensional view of storms [27, 28] . PR has a horizontal resolution of ∼4 × 6 km, and vertical resolution of 250 m at nadir with a 215 km swath width. The frequency of the PR is 13.8 GHz. The PR is able to detect reflectivities down to approximately 17 dBZ, equivalent to fairly light rain rates of ∼0.5 mm/h. The pixel size, swath width, and sensitivity to rain changed (5 km pixel size, 247 km swath width, and sensitivity reduced by 1.2 dB) after an orbit boost from 350 km to 402.5 km in 2001. However, these differences are insignificant and are neglected for the moderate and heavy rain, which are focused in this study.
In general, there are certain sources of error in the temporal average of TRMM PR-estimated rainfall, that is, retrieval and sampling errors [6] . The former includes error in the remote-sensing methods, and the latter is related to the poor temporal resolution. Sampling error depends primarily on sampling frequency. The sampling of TRMM satellite over the study area is limited to 1-2 snapshots per day [29] . Therefore, the sampling error is likely to be more significant than measurement error [30] . The effect of these errors will be sufficiently low in long-period data. A recent study by Nesbitt and Anders [10] showed that current climatology is sufficient to resolve statistically significant precipitation patterns in regions with large precipitation totals including the Himalayas, WG, and MWC.
The primary rainfall data set used here was the nearsurface rain obtained from the TRMM/PR 2A25 Version 6 (V6) [31] for thirteen (1998-2010) summer monsoon (JuneAugust). "Near-surface" rainfall is defined as the range bin closest to the surface that is generally free from groundclutter contamination. The vertical height of the near-surface ranges from 500 m above ground level (AGL) at nadir to 2000 m AGL at the edge of the observation swath. The mean rain rate is a product of conditional rain rate (near-surface rain rate only when it is raining) and rain frequency (number of rain samples divided by total number of samples). Another TRMM/PR product (2A23) was used for analyzing the storm height. The PR 2A23 storm height is based on the 18 dBZ (equivalent to approximately 0.5 mm/h) echo-top height. Storm height was calculated only when rain was detected at the near-surface. One of the limitations was that the study did not use latest TRMM PR Version 7 (V7) data that was released a year before as a replacement for V6. This new version is considered superior over land areas compared to the previous versions because of changes to the vertical profile of hydrometeor characteristics, which affects the reflectivityto-rainfall rate ( -) relationship and attenuation correction.
Rain-type characteristics were investigated using the PR product 2A25 which is the same as the 2A23 rain-type field. The PR algorithm classifies precipitation into three categories: convective, stratiform, and other, considering the vertical and horizontal distribution of reflectivity [32] . The -method is based on detection of the bright band and intensity of the radar echo. The -method, originally based on Steiner et al. [33] , uses the horizontal pattern of radar reflectivity for each profile.
For data processing, data were first binned from each individual swath onto a regular grid with spacing of 0.05 ∘ (approximately 5 × 5 km). The gridded data were than averaged over the entire period of record to produce a daily mean climatology.
Reanalysis Data.
The Japanese 25-year Reanalysis (JRA-25) datasets produced by Japan Meteorological Agency (JMA) and Central Research Institute of Electric Power Industry (CRIEPI) were used to examine the synoptic conditions. The datasets are global in coverage, with 2. 
Results

Horizontal Patterns of Rainfall.
The west coasts of India and Myanmar receive the heaviest precipitation of the south Asian summer monsoon (June-August) [22, 34] . In both the WG and MWC regions, the maximum rainfall zone forms along a tight line on the windward side of the coastal mountains (Figure 2(a) ), as previously reported [12, 21, 35] . Rainfall primarily occurs along the windward side of the coastal mountains and propagates in an offshore direction. This finding is in contrast to the previous investigation using coarseresolution datasets, which indicated an offshore precipitation maximum in the WG region [36] . In addition, by utilizing TRMM PR data at 0.5 ∘ resolution, Xie et al. [22] noted that the location of maximum rainfall was displaced from the mountain slopes by approximately 50 km. At the fine resolution in this study, it is apparent that the rainfall maximum is not displaced from the mountain slopes [35] . Although similar features of rainfall patterns are observed over both regions, the MWC region shows a wide area of maximum rainfall (Figure 2(a) ). A typical feature is observed in the WG region, where maximum rainfall occurs around 500 m above mean sea level (AMSL) along the entire mountain range (Figure 2(a) ). Interestingly, the amount of rainfall over the Deccan Plateau to the east of the WG, the downwind side of the Myanmar Mountains and the Irrawaddy River Basin is insignificant despite the fact that the WG and MWC mountains are not very high. This is accounted by the classic rainshadow effect of the corresponding mountain ranges [37] .
The patterns of rain frequency were generally similar to the distribution of rain rate in both regions, with a larger and more homogeneous width of the coastal maxima (Figure 2(b) ). The most frequent precipitation, by far, was seen over the MWC regions. Although the western coast of Myanmar is a region of steep orography, the large spatial extent of higher rain frequency suggests there are effects other than just orographic enhancement [35] . Numerical simulation by Xie et al. [22] showed that mesoscale heating interacts with the large-scale circulation to force broader rainfall maxima over the Bay of Bengal. In contrast to rain frequency, intense rainfall (>4 mm/h) was primarily observed offshore ( Figure 2(c) ). The conditional rain rate was higher over the MWC compared with the WG. This is consistent with the distribution of mean conditional reflectivity at the surface shown by Biasutti et al. [35] . Further, this is consistent with the greater probability of wide convective cores and a broad stratiform region in the Bay of Bengal as shown by Romatschke and Houze Jr. [12] . Note that the taller storms were observed only over the coastal oceans in both study regions, suggesting that intense rainfall offshore is due to deeper precipitation systems. Over the coastal mountainous region storms are generally shallower than those over the adjacent ocean. This tendency is similar to that of taller storms over the Gangatic plains and shallower storms over the higher Himalayas [17] . Although the conditional rain rate is higher in the coastal mountains, storm-top height is significantly lower. This is probably related to weak convection.
Evaluating rainfall characteristics along swath profiles is advantageous for investigating precipitation distributions in response to topography. Seven swath profiles, three from WG (W1, W2, and W3) and four from MWC (M1, M2, M3, and M4), roughly perpendicular to the respective coastal mountains were selected (Figure 1 ). These swath locations were selected on the basis of smooth and continuous patterns of rain characteristics across the WG and MWC. Each swath profile is approximately 50 km wide × 500 km long. Rain characteristics (daily rain total, conditional rain rate, and frequency) and elevation along one profile represent the average over the width of the profile. All seven profiles illustrate the orographic effect of the coastal mountains, although there are noticeable differences in peak locations between the WG and MWC (Figures 3(a) and 3(b) ). Over the WG regions, two distinct rainfall peaks appear in all swath profiles. The first peak is located a few km off the western coast of India, while the second major peak appears near the top of the mountain ranges. Offshore peaks are generally associated with higher conditional rain rates, while mountain rain peaks are primarily attributed to rain frequency. This feature is consistent with the precipitation distribution in the central Himalayas, where an intensity-dominated, low-altitude rainfall peak and a frequency-dominated, higher-altitude peak were identified by Shrestha et al. [17] . Similarly, the MWC region also illustrates the maximum rainfall occurring near the top of the mountains, but the rain frequency does not correlate well to the maximum rainfall zone. In contrast, a broad rain frequency peak extends outward from the windward mountain slopes to hundreds of km offshore in the MWC region.
Analysis of the storm-type distribution is more important over inhomogeneous regions, because it is directly related to precipitation mechanisms. The spatial patterns of stratiform and convective rain are generally similar in both regions Figure 4 shows the contribution of stratiform and convective rain to the total amount. Over the both regions, convective rain dominates (above 50%) the total precipitation amount, while stratiform contributes less than 50%. Romatschke and Houze Jr. [12] also observed similar stratiform and convective rain distribution. A distinct feature was detected over the WG, where stratiform rain fraction is much less in the low-altitude areas (below 500 m contour line), which suggests that a large fraction of rain comes from convective systems. This feature is consistent with the findings of Romatschke and Houze Jr. [12] , who showed that the WG is an exceptional area where precipitation systems are mostly convective. Over the MWC, stratiform and convective precipitation make almost equal contributions to the total rainfall. The tendency of precipitation maxima to occur where large stratiform regions are formed in association with extreme convection has been noted previously [12] . For a more detailed understanding of the storm-type distribution, frequency and conditional rain rates are investigated for both stratiform and convective rain ( Figure 5 ). Stratiform rain is most frequent in the MWC region ( Figure 5(a) ), whereas convective rain is most frequent in the WG ( Figure 5(b) ). Although a higher frequency of convective rain appears along a certain height of the WG, there is intense convective rain along the coastline of the western coastal region of India (Figure not shown) . This difference in the location of the maximum rain frequency and conditional rain rate of convective rain suggests that maximum precipitation over the WG is primarily attributed to frequent, but relatively weak, convection. In contrast, much more intense convective rain (>8 mm/h) is observed over a broader area of the MWC region, including the coastal mountains and open ocean (figure not shown).
Vertical Rain Rate Profiles.
The TRMM PR has provided vertical profiles of rainfall, which is very important for studying the vertical structure of rain corresponding to a particular rain rate. These profiles can be used to represent the rainfall accumulated within each layer. Here, vertical rain rate profiles from 2 to 16 km during JJA for all, stratiform, and convective rain are examined to understand the storm structures over the study area. The profiles are taken only for rain cases. Vertical profiles of rain rate over the coastal ocean and coastal mountains are investigated separately since echotop height is higher in the former and lower in the latter in both regions ( Figure 6 ). One common feature in the vertical rain rate profiles is that the rates over the coastal oceans are higher than over the mountains (up to approximately 5 km AMSL). However, the difference is greater over the WG than the MWC region. The difference tends to be smaller in the lower atmosphere; the maximum difference is observed at about 4 km AMSL. Over the coastal ocean of the MWC region, the lower part of the stratiform rain rate profile is nearly constant up to 5 km, similar to the rain-rate profile observed in the central Himalayas. This result suggests a deeper layer of moisture in the respective region (the vertical profile of specific humidity revealed higher values over the central Himalayas and MWC regions) (Figure not shown) . For convective rain, the rate decreases monotonically with height regardless of topography in both regions. In general, at elevations above 5 km, rain rates in the MWC region are much greater than that in the WG, which indicates that the rain systems are much deeper in the MWC than in the WG. Biasutti et al. [35] also noted that the Bay of Bengal has higher conditional reflectivity at 6 km altitude than the WG region. Figure 7 shows an example of the vertical structure of conditional rain rates and is in good agreement with these features.
Atmospheric Conditions.
Atmospheric stability is now examined because it gives important insights to understand the underlying mechanisms of South Asian summer precipitation. Climatological variables (temperature, moisture, and wind) that are available at both climatological and individual scales are used. Evaluating the vertical structure of equivalent potential temperature ( ) is an important meteorological variable to understand the atmospheric instability. The vertical structure of the circulation field during the summer monsoon climate, from JRA-25 reanalysis, is shown in Figure 8 . Although the general patterns are remarkably similar between the two coastal regions, there are clear differences in horizontal wind direction and (Figures 8(a) and 8(b) ). Westerly wind is prominent over the WG region while the MWC regions are dominated by strong southwesterly winds. Over the WG region, the strong, moist westerly winds from the Arabian Sea strike the terrain perpendicularly. The difference in between the 600 and 925 hPa pressure levels shows stronger atmospheric instability in the MWC region, and higher is observed there as well. The higher specific humidity (16 g/kg at 900 hPa) over the MWC compared with the WG (14 g/kg at 900 hPa) confirms that the higher over the MWC is due to a large amount of water vapor in the atmosphere.
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Discussion and Conclusions
In this study, 13 years (1998-2010) of summer monsoon (June-August) rainfall data were compiled at very high spatial resolution (0.05 ∘ × 0.05 ∘ ) obtained from TRMM PR V6. The spatial distributions of precipitation characteristics over the western coastal mountainous areas of South Asia, with a specific focus on topographic effects, are characterized in terms of rain frequency, intensity, type, and vertical structure of rain rate. Atmospheric conditions are also analyzed in terms of equivalent potential temperature to determine the mechanisms involved in the development of spatially distinct precipitation systems.
A previous study showed the spatial correlation among topography, rain frequency, and intensity, which determines the position of the double rainfall band in the central Himalayan region [17] . Investigation in both coastal mountainous regions of south Asia also revealed a correlation between terrain elevation and the location of rainfall maxima. However, the correlation varies greatly from place to place. A schematic of summer monsoon rainfall mechanisms in the study area is shown in Figure 9 . Over the coastal regions, the heaviest precipitation zone locates primarily over the western slope of the coastal mountains and extends westward over the oceans. Primary factors determining the peak rainfall over the coastal mountains and ocean are rain frequency and intensity, respectively. A rainfall maximum that strongly increases in frequency as elevation increases is indicative of orographic anchoring. A weak signature in the diurnal cycle of small and medium systems in the coastal mountains of the WG and MWC, which play a dominant role in total rainfall over the WG and a significant role over the MWC [12] , suggests that an orographic response to the prevailing lowlevel southwesterly monsoon flow is a key factor in addition to the land-ocean contrast. As the southwest monsoon impinges on the narrow coastal mountains of the west coasts of India and Myanmar, moisture-laden air is forced to rise and causes frequent convection on the upwind sides. In addition to the orographic lifting effect as a dynamic barrier to the prevailing winds, coastal mountains play an important role in a strong diurnal cycle of convection over the coastal ocean and surrounding lands due to diurnal thermal forcing [22] . Intense rainfall associated with taller storm-top heights over coastal oceans is more likely because of stronger morning convergence when the onshore progression of monsoon flow along the coast is slowed down by cooling over the continent.
There is a substantial difference in the precipitation mechanisms between the WG and MWC (Figures 9(a) and 9(b) ). The systems in the WG region tend to be more convective compared to those in the MWC, although the storm-tops were much higher in the MWC regions. Romatschke and Houze Jr. [12] also identified that most systems in the WG region were small or medium, while systems in the MWC were mostly large in size. They further reported a great amount of shallow, nonextreme convection over the WG region, which does not develop into large systems. These differences could be related to the prevailing moisture and seasurface temperature conditions over these regions. The vertical structure of equivalent potential temperature confirms that the lower atmosphere over the MWC is more humid than that over the WG region. Insufficient moisture does not favor growth of large-scale precipitation systems over the WG region. However, strong, moist westerly winds from the Arabian Sea strike the terrain perpendicularly in a roughly north-south direction and rise vertically during the summer monsoon causing very heavy rainfall on the windward side. In contrast, sufficient humidity, high sea-surface temperatures and consequent orographic lifting help to generate large precipitation systems in the MWC regions. Several researchers have suggested that the Bay of Bengal depression favors the formation of mesoscale convective systems over the Bay of Bengal [38, 39] .
In general, it is evident that mountains have a strong impact on the spatial distribution of precipitation characteristics. Specifically, steep mountains favor more-frequent nonextreme convection, which contribute a significant amount of rainfall over slopes in regions with large rain totals including the central Himalayas [17] , Western Ghats, West Coast of Myanmar, and the eastern Andes [17] . Study of precipitation mechanisms over complex terrain-especially those based on rain frequency and conditional rain rate provided by the TRMM PR alone-is still incomplete. This study indicates some of the possible precipitation mechanisms that occur over the coastal mountains. Ultimately, advanced fine-scale models will be necessary to improve our understanding of the precipitation characteristics over complex mountainous terrain.
